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Abstract
Structure, morphology, and regulation of the dielectric properties via close-composition
intervals is demonstrated for variable-cerium, constant-calcium co-doped barium titanate
(Ba0.80Ca0.20CeyTi1-yO3; y=0.0-0.25; referred to BCCT). The effect of variable Ce-content on the
structure and dielectric properties of BCCT is investigated. X-ray diffraction spectra confirms
the studied samples are mainly in BT tetragonal phase with a small secondary phase detected as
CaTiO3 in BCCT for y = 0.20 and 0.25. However, the lattice parameter reduction was evident
with increasing Ce-content. Composition-driven dielectric constant leap (4,000-5,500) was
observed from intrinsic BCT to BCCT for (y = 0.0-0.04). The temperature dependent dielectric
constant showed a transition temperature, which decreased with progressive addition of Cerium
content. The Curie point, Tc, diminishes from 120 to 50 °C for (y = 0.0-0.04) showing a decrease
in the ferroelectric to paraelectric state. Hence, the solubility limit for cerium in BCCT ceramics
may have been reached.

Keywords: Semiconductors, electro-ceramics, synthesis, electrical properties, materials
characterization
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CHAPTER 1
INTRODUCTION

EXPLORATION OF POTENTIAL SEMICONDUCTORS
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Chapter 1: Introduction
Chapter 1 provides a background on Barium Titanate ceramics in micro-electronics
owing to its excellent energy storage capabilities and the potential applications of these ceramics
in devices such as microphones, ultrasonic transducers, multilayer capacitors which may offer
solutions to several key problems in the semiconductor industry. This chapter also addresses the
objective of this research project along with a strong motivation to find a potential replacement
for the commercial piezoelectric-lead zirconate titanate (PZT), which is facing global restrictions
due to it high toxicity content.
Background
From the point of view of solid state materials, ceramic oxides such as Barium Titanate
(BaTiO3) have become very attractive in the field of electro-ceramics and microelectronics due
to its excellent characteristics. Barium Titanate, which is generally recognized as a classical
ferroelectric, was the first ceramic material in which ferroelectricity was observed. In fact, it has
become the ideal model or platform to explain such phenomenon from the viewpoint of
microstructure and crystal structure. BaTiO3 is isostructural with the mineral perovskite
(CaTiO3)1, which is referred to as ‘a perovskite’. The perovskite structure is adopted by many
oxides, which exhibits the general chemical formula ABO3. Barium titanate belongs to this
family of ABO3 compounds, where A-sites are occupied by Ba and B-sites are occupied by Ti
atoms (Fig. 1.1). BT crystal structure is represented by a cubic lattice whose core is essentially
formed by an oxygen octahedron having a tetra-valent titanium ion in the center and di-valent
barium ions at each of the corners. The essential structure of the cell which concerns the
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piezoelectric and ferroelectric properties is represented by the octahedron TiO6.2 This can be
expected thanks to the high permittivity which all titanate oxides exhibit.
If we were to describe the general crystal structure of ABO3 perovskites, we would find
that its crystal structure geometry belongs to that of a cube having the A-larger cation (greencolored) in each of the corners, the B-smaller cation (blue-colored) in the body center in addition
to the anion (red-colored), commonly oxygen, located in the center of the face edges. As far as
the ion-distribution (Fig. 1.2) is concerned, the A-site is a monovalent, divalent, or trivalent
metal whereas the B-site may be occupied by pentavalent, tetravalent, or trivalent elements.

Figure 1.1: The Perovskite structure ABO3. BaTiO3 is the prototype ferroelectric which
crystalizes in a cubic structure.

3

Ion distribution

The Perovskite structure shows:
1. A centrosymmetric cubic structure with A
Ba2+ at the corners.
2. B Ti4+at the center.
3. 6 O2- oxygen at the face centers.

Figure 1.2: BaTiO3 structure, the most representative material among displacive ferroelectrics.

Electrical properties of BaTiO3

Barium titanate is the first known ferroelectric ceramic; it is an excellent candidate for a
variety of applications due to its excellent dielectric, piezoelectric, and ferroelectric properties 3.
Capacitor dielectric and piezoelectric ceramics are industrial materials which exhibit poor
electrical conductivity and are extremely useful in the production storage and power-operated
devices. In particular, capacitors are those devices which store electrical energy in the form of an
electrical field in the space between two separated, oppositely charged electrodes1. A parallelplate capacitor is defined by the following relation which takes into account the area of the
capacitor A along with the electrode separation, thickness h:

(1)
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where C is the capacitance in Farads (F), h is the thickness (m), 𝜀o is the permittivity of free
space having a value of 8.854 x 10-12 F/m, and A is the surface area (m2) of the electrode. Once
the capacitance is measured, the relative dielectric permittivity can be calculated using eq. (1).
Capacitors have the ability to store energy and for such reason they are essential components in
many electric circuits. Such ability can be enhanced by inserting a solid dielectric material into
the space which separates the electrodes. Dielectrics are materials that are poor conductors of
electricity. The non-conducting properties are well known, and some ceramics are made into
extremely effective dielectrics. In fact, more than 90% of all capacitors are produced with
ceramic materials serving as the dielectric 2–4.

Dielectric properties

BaTiO3-based ceramics are widely used for manufacturing dielectric ceramic capacitors,
thermistors, multilayer capacitors5. They are used for these applications owing to their high
dielectric constant and low dielectric loss. The values of the dielectric constant depend greatly on
the synthesis technique which in turn relates them to the purity of the precursors, density, as well
as grain size. The dielectric constant is also dependent on temperature, frequency, dopants

2,3

.

For instance, the temperature dependence of the dielectric constant and also other physical and
electrical properties can be modified by forming a solid solution over a wide range of
compositions. As mentioned earlier, the beauty of perovskites is that they possess the great
capability to host ions having different ionic radii or size, thus a significant number of different
dopants can be accommodates in the barium titanate crystal structure. As a matter of fact, over
the year there has been ongoing studies on A- and B-site dopants to ultimately modify and tune
the electrical properties of BaTiO3.

5

Piezoelectric properties

When a certain material is subjected to a mechanical stress and develops a charge in
response to that pressure, they are said to be piezoelectric. Direct examples of piezoelectric
response are crystals, ceramics, DNA, and various properties. Barium titanate is most widely
used for its strong piezoelectric characteristics. The word “piezoelectricity” is derived from the
Greek “piezein”, which means to press or squeeze, thus piezoelectricity is the generation of
electricity as a result of mechanical pressure3. In order for piezoelectricity to exist noncentrosymmetry in the crystal is a necessary condition. Two effects are operative in piezoelectric
crystals, in general, and in ferroelectric ceramics, in particular. The direct piezoelectric effect is
identified with the polarization phenomenon where electrical charge is generated as a result from
a mechanical stress. Moreover, the converse piezoelectric effect is associated with the
mechanical movement generated by the application of an electric field 2,3.

Direct piezoelectric effect

In direct effect, the mechanical energy is transformed into electrical energy due to the
extension of the electric dipoles in the direction of the electrical field, piezoelectric components
are highly affected by applying an external electric field

3,4

. Mathematically this effect can be

expressed as follows:
(2)
where Pi is the polarization along the i-axis, σjk is the applied stress along j- and k-axis, and dijk is
the piezoelectric coefficient.
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Converse piezoelectric effect

Contrary to direct effect, in converse effect the electric dipoles get shortened while being
subjected to a mechanical stress. This is because the piezoelectric components resist this trend so
voltage is generated to keep the balance

3,4

. Mathematically this effect can be expressed as

follows:
(3)
where 𝜀ij is the strain generated in a particular orientation of the crystal and Ei is the applied
electric field along the i-axis. Production and detection of sound, generation of high voltages,
electronic frequency generation, and ultrafine focusing of optical assemblies are some potential
applications of these piezoelectric materials 6–8.

Ferroelectric properties of BaTiO3

In dielectrics, unlike in conductive materials such as metals, the strong ionic and covalent
bonds holding the atoms together do not leave electrons free to travel through the material under
the influence of an electric field. Instead, the material becomes electrically polarized, its internal
positive and negative charges separating somewhat and aligning parallel to the axis of the
electric field. When employed in a capacitor, this polarization acts to reduce the strength of the
electric field maintained between the electrodes, which in turn raises the amount of charge that
can be stored.
Most ceramic capacitor dielectrics are made of barium titanate (BaTiO 3) and related
perovskite compounds. Perovskite ceramics have a face centered cubic (FCC) crystal structure.
In the case of BaTiO3, at high temperatures (above approximately 120 ) the crystal structure
consists of a tetravalent titanium ion (Ti4+) sitting at the center of a cube with the oxygen ions
7

(O2-) on the faces and the divalent barium ions (Ba2+) at the corners. Below 120 , however, a
transition occurs. The Ba2+ and O2- ions shift from their cubic positions, and Ti4+ ion shifts away
from the cube center. A permanent dipole results, and the symmetry of the atomic structure is no
longer cubic (all axes identical) but rather tetragonal (the vertical axis different from the two
horizontal axes). There is a permanent concentration of positive and negative charges toward
opposite poles of the vertical axis. The spontaneous polarization is known as Ferroelectricity;
the temperature below which the polarity is exhibited is called the Curie point. Ferroelectricity is
the key utility of BaTiO3 as a dielectric material.
Within local regions of a crystal or grain that is made up of these polarized structures, all
the dipoles line up in what is referred to as the domain, but, with the crystalline material
consisting of a multitude of randomly oriented domains, there is overall cancellation of the
polarization. However, with the application of an electric field, as in a capacitor, the boundaries
between adjacent domains can move, so that domains aligned with the field grow at the expense
of out-of-alignment domains, thus producing large net polarizations. The susceptibility of these
materials to electric polarization is directly related to their capacitance, or capacity to store
electric charge.
The capacitance of a specific dielectric material is given a measure known as the
dielectric constant, which is essentially the ratio between the capacitance of that material and the
capacitance of the vacuum. In the case of the perovskite ceramics, dielectric constants can be
enormous- in the range of 1,000-5,000 for pure BaTiO3 and up to 50,000 if the Ti4+ ion replaced
by zirconium Zr4+. 2–4
Chemical substitutions in the BaTiO3 structure can alter a number of ferroelectric
properties. For example, BaTiO3 exhibits a large peak in dielectric constant near the Curie point-
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a property that is undesirable for stable capacitor applications. This problem may be addressed
by:
1. The substitution of lead (Pb2+) for Ba2+, which increases the Curie point;
2. By the substitution of strontium (Sr2+), which lowers the Curie point;
3. Or by substituting (Ca2+), which broadens the temperature range at which the peak
occurs.

Substitution and modification of BaTiO3 system

The BaTiO3 system was discovered in several different regions around the same time
completely independent of one another. There was a lack of communication due to the Second
World War that was taking place at the time. The first discovery was in the United States by
researchers E. Wainer and N. Salomon in 1942. The discovery of the aforementioned was
followed several years later in 1944 by B.M. Vul in the Soviet Union and by T. Ogawa in Japan.
Barium titanate is the most common ferroelectric ceramic. It was first believed that it possessed
no piezoelectric properties until S. Roberts from USA in 1947 confirmed that after polling the
material with a high DC voltage the desired piezoelectric properties are observed.

Structural phase transitions

BaTiO3 shows a series of phase transitions (Fig. 1.3) by varying temperature from 120°C to 90°C. The phase sequence as a function temperature follows:
a) 120°C and above – Cubic phase
b) 5°C to 120°C – Tetragonal phase
c) -90°C to 5°C – Orthorhombic phase
9

d) -90°C and below – Rhombohedral phase

Figure 1.3: BaTiO3 phase transitions.

The phase transition from orthorhombic to rhombohedral phase, on decreasing the
temperature, causes polarization along the [111] direction.
Barium titanate systems have very high dielectric constants up to 5,000 for intrinsic
BaTiO3, thanks to this feature they are the first choice of materials when it comes to
manufacturing electronic components such as piezoelectric transducers, PTC thermistors, as well
as electro-optic devices. Despite the great advantages of BT ceramics, several disadvantages can
be pointed out too. The poor temperature coefficient at resonance frequency is one of the weak
points about these ceramics. This is caused due to the second order transition just below the
room temperature. In addition, they have a very low transition temperature, Curie point as low as
(~ 120°C) owing this to excessive aging of the material.
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In order to overcome these disadvantages various types of substituents including Zr4+,
Ca2+, Sr2+, Pb2+, among others have been used and it has been proven in the literature that
substituents can broaden, flatten, and/or shift the phase transitions characteristics of BaTiO 3.
(Sr2+) susbstitution in place of (Ba2+) decreases the transition temperature whereas (Pb2+)
substitution increases the transition temperature. Furthermore, (Zr4+) reduces the transition
temperature and as a result broadens the 𝜀r ~ T curve. Experimentally, it has been found that the
Ca-ion can be incorporated into the ‘A’ and ‘B’ sites of the perovskite structure.

Solid Solubility
It is important to note that in order for an element to dissolve in a metal and form a solid
solution, a set of basic rules must be met and are described by the Hume-Rothery rules, named
after William Hume-Rothery. The substitutional solid solution rules are as follows:
1. The atomic radius of the solute and solvent atoms must differ by no more than 15%.
2. The crystal structures of solute and solvent must be similar. (i.e. FCC-FCC, BCC-BCC)
3. Complete solubility occurs when the solvent and solute must have same valency. A
metal dissolves a metal of higher valency to a greater extent than one of lower valency.
4. The solute and solvent should have similar electronegativity. Given the case that
electronegativity difference is too high, metals tend to form intermetallic compounds
instead of a solid solution.
It is important to note that while substituting a particular cation into ‘A’ or ‘B’ sites of the
perovskite structure, the charge must be balanced and the ionic size should match with the
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coordination number of the cation which is being substituted for otherwise an ionic mismatch
may result in a crystal structure distortion and hence a reduction in symmetry.
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CHAPTER 2
LITERATURE REVIEW
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Chapter 2: Barium Titanate– Literature Review
Barium Titanate – The prototype ferroelectric ceramic
Barium Titanate (BaTiO3) is one of the most studied ceramics used for sensors,
transducers and piezoelectric actuators before discovery of lead zirconate titanate (Pb (Zr,Ti)O3,
PZT)9. Over the years a commercial piezoelectric-PZT has been in use for multilayer capacitors,
ultrasonic transducers, and spark generators among other potential applications10. However,
interest in lead-free piezoelectric has exponentially increased in recent years due to the fact that
PZT based sensors and actuators contain ~60 wt. % of toxic lead (Pb)11, which currently face
global restrictions due to its high toxicity12. Meanwhile, BaTiO3 has already cemented its status
as a basic capacitor material in semiconductor industry8,13. BaTiO3 is considered as one of the
most important multilayer dielectric ceramic10,13. BaTiO3 has regained attention of researchers
for applications in actuators, and sensors for being lead free strong piezoelectric material with
simple crystal structure, ferroelectric behavior, high stability, and extremely high dielectric
constant (ε'), low leakage current, and anisotropic optical behavior14. Among all the lead free
piezoelectric ceramics BaTiO3 is one of the most studied and with highest electromechanical
coupling values15. Also, BaTiO3 is very cost effective ferroelectric material which have high
dielectric constant, high dielectric loss, positive temperature coefficient and nonlinear optical
properties16.

It has been demonstrated that the co-doping approach is an efficient method of

improved physical and electrical properties for this family of compounds, having the general
formula ABO39,12. As a part improving dielectric properties of BaTiO3 comparable to PZT for its
replacement, BaTiO3 is co-doped to further explore the different types of cations whose
substitution at the Ba and/or Ti sites could enhance the dielectric and piezoelectric properties,
while maintaining its Curie temperature for its practical applications. The effect of Cerium
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doping in the system has shown great improvement in the dielectric properties of barium titanate
enhancing the dielectric permittivity as well as providing high endurance8,17. In this study, we
considered the cop-doping approach, where A and B site dopants will be incorporated with Ca
and Ce respectively, in order to modify the electrical and dielectric properties of BaTiO3. It is
well understood that addition of donor dopants at a relatively low concentration leads to roomtemperature semiconducting ceramics whereas higher dopant contents lead to insulating
ceramics1,18. In our attempt to obtain insulating ceramics to improve the electrical properties of
this compound for energy conversion and storage application purposes, we devote this analysis
to calcium and cerium doped barium titanate at close composition intervals in the dilute
concentration regime. Since we are interested in analyzing the polarization anomaly in BaTiO 3,
reported at the curie transition temperature ~125°C, where semiconductor properties are strongly
influenced by the ferroelectric transition and enhanced resistivity4, a temperature-induced
dielectric analysis is performed in the range of 20-150°C. Furthermore, since the piezoelectric
properties of a ferroelectric system are highly sensitive to its structural state, a detailed structural
analysis for this system is required to understand the interesting piezoelectric behavior19,20.
Cerium exists in two oxidation states, Ce3+ and Ce4+. Substitution of Ti 4+ ions with donor dopant
tetravalent Ce4+ is assumed, further discussion will be addressed as structure, dielectric, and
piezoelectric characterization will be used to further confirm the structure-compositionmorphology of the material. It is interesting to note that the ionic sizes for Ti

4+

(0.0605 nm for

coordination number 6) and Ce4+ (0.087 nm for coordination number 6). It has been reported that
those cations bigger in size than Ti4+, may improve the piezoelectric properties of barium
titanate. Moreover, from the point of view of piezoelectricity, it is desirable that the substituting
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cations does not increase the electrical conductivity of the specimen20. In view of this, we
examine the structural, dielectric, and piezoelectric behaviors of Ca and Ce doped BaTiO3.
Lead Vs Lead-free

Lead base ferroelectric ceramics have been at the forefront of the semiconductor industry
for decades. This is due to their excellent dielectric, piezoelectric, ferroelectric properties and
electrochemical coupling coefficients. Apart from these properties one of the most interesting
and relevant property of lead-based ceramics, that has captured the attention of researchers and
scientists for a long time, is the presence of a morphotrophic phase boundary (MPB). In fact,
excellent electromechanical properties have been reported near this boundary region. For this
reason, lead-based ceramic families are the mainstay for high performance piezoelectric
actuators, ultrasonic transducers, sensors, etc. Potential applications range from small electronic
industries to the high tech scanning tunneling microscope and medical imaging.
It is important to emphasize that Lead-free piezoelectric ceramics have significantly
lower piezoelectric and dielectric properties compared to lead-based families. Scientists and
researchers have drawn their attention to analyzing why piezoelectricity is so low when dealing
with non-lead ceramics. Significantly lower piezoelectricity is shown by lead-free ferroelectric
systems at the Morphotrophic Phase Boundary. The great advantage of using lead-free ceramics
is that it is environmentally friendly. Moreover, when it comes to underwater transducer
applications for impedance matching, these ceramics exhibit low density which turns to be
another great advantage. Due to their lower acoustical impedance they can also serve as an
advantage in medical imaging applications. Lead-free materials can also be used in a variety of
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high temperature applications whereas lead-based materials do not lend themselves for
applications requiring higher temperature.

Why BCCT?
Wei li et al. reported the preparation of compound (Ba0.93Ca0.07)(Zr0.05Ti0.95)O3 by
conventional solid state chemical reaction method and studied all the properties of this
compound with respect to the sintering temperature. In their experiment the samples were
sintered at 1300°C, 1350°C, 1400°C, 1450°C and 1500°C. On analysis they found that the
samples which were sintered at 1450°C had better densification and increasing the sintering
temperature above this temperature results in a decrease in density of the material. In addition to
this, this sample had also shown very high piezoelectric coefficient d33 = 387 pC/N and also a
high curie temperature ~ 108°C which is a greater than the reported value of 93°C. It was
observed that a little bit of rhombohedral phase as the secondary phase was shown by the sample
that was sintered at 1300°C. There was a rapid decrease in the rhombohedral phase with increase
in sintering temperature. They explained that the reason for decrease in rhombohedral phase is
the diffusion of Zr and Ca in BaTiO3. The final conclusion that they drew from their work was
that the above compound was showing very high dielectric and piezoelectric properties due to
phase transition from orthorhombic to tetragonal phase14.

Paul J. Praveen et al. successfully prepared lead-free piezoelectric ceramics ‘‘barium
zirconate titanate– barium calcium titanate’’ [(1 - x) BZT - xBCT] (x = 0.5) by sol–gel synthesis
method. Their XRD results confirmed the formation of complete single-phase perovskite
structure after sintering. They obtained high piezoelectric coefficient measurements of d33=
490pC/N and dielectric constant of 11,678 at the Curie temperature was obtained which is a
result of a good microstructure developed in the sintered pellet. They showed a SEM micrograph
of the surface of the pellet sintered at 1550°C. The micrograph showed a dense packed
17

microstructure with homogenous grain size. The grain size was measured to be ~10–20 μm.
They reported polarization versus electric field measurements using an aixPES (Piezoelectric
Evaluation System) for a BZT–BCT sample, which showed a remnant polarization (Pr) of 11.55
μC/cm2 and a coercive field (Ec) of 0.166 kV/cm. 21

Yong-Il Kim et al. synthesized (BaTiO3: Cax, x=0-0.15) samples by a hydrolysis method
using barium hydroxide monohydrate [Ba(OH)2◦H2O, Aldrich, 98.0%), titanium isopropoxide
[Ti(OCH(CH3)2)4, Aldrich, 99.9%] and calcium chloride [CaCl2, Aldrich, 99.9%] as precursors
with x ranging from 0 to 0.15. They performed a detailed structural analysis and indicated that all
samples were indexed by the tetragonal crystal system of BaTiO3 and the lattice parameters of
these samples were slightly smaller than those of un-doped BaTiO3 for their XRD diffraction
patterns. However, the diffraction peaks corresponding to CaTiO3 phase for the sample with 15
at. % Ca (BaTiO3: Cax, x=0.15). In addition, they identified a peak splitting behavior of (002)
and (200) reflections which typically indicate the tetragonal phase of BaTiO3 converged into
nearly one peak. They interpreted those results and concluded that the substitutional limit of Ca
atom as a dopant in Ca-doped BaTiO3 sample synthesized in their study was 12 at. %.
Consequently, the (BaTiO3: Cax, x=0.12) sample which was shown in the maximum
substitutional limit of Ca atom was used to investigate the behavior of Ca atom as a dopant in
Ca-doped BaTiO3.7

Rajeev Ranjan et al. studied the crystal structure, ferroelectric, and piezoelectric
behaviors of the Ba(Ti1-x Cex)O3 (BCT) (0.01< x < 0.12) ceramics at close composition intervals
in the dilute concentration regime. They concluded that Ce concentration as low as 2 mol.%
induces tetragonal-orthorhombic instability and coexistence of the phases, leading to enhanced
high-field strain and direct piezoelectric response. Their detailed structural analysis revealed
tetragonal + orthorhombic phase coexistence for x=0.02, orthorhombic for 0.03<x<0.05, and
orthorhombic + rhombohedral for 0.06<x<0.08. They indicated that the well-defined polarization
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loop with saturation polarization suggested that Ce substitution retains the ferroelectric character
of the specimens. Also, dielectric measurements showed a sharp dielectric anomaly at 125°C for
x=0.02, which corresponds to the tetragonal-cubic, ferroelectric-paraelectric transition. For this
reason they concluded that the shifting of the permittivity peak towards higher temperature with
increasing frequency in x=0.12 is in conformity with the previous reports indicating the system’s
gradual progression towards a relaxor ferroelectric state. They finally suggested that Ce-modified
BaTiO3 is a potential lead-free piezoelectric material.20

Hongjun Feng et al. mentioned that many researchers have reported that better dielectric
properties of BaTiO3-based ferroelectric ceramics have been obtained by substitution of some
rare-earth ions. So their work is devoted to analyzing the influence of cerium content on the
dielectric and electrical properties of BZT ceramics using a conventional ceramics fabrication
technique and it is described as follows Ba(Zr0.25 Ti0.75)O3 + xCeO2 ceramics (x = 0.05, 0.1, 0.2,
0.4, 0.6, 0.9, 1.2 at. %) in an ambient atmosphere. The lattice constant (a) and the molar ratio of
c/a decreased with the increase of x at the beginning (x < 0.6 at. %), and when the content of
cerium is beyond 0.6 at%, a and c/a rose with the increase of x (x > 0.6 at%). They indicated that
the diffraction peaks (0 1 1) and (0 0 2)/(2 0 0) of samples are shifted to the higher angle side
with the increase of rare-earth ionic doping concentration. These shifts demonstrate that the
lattice parameter of Ba(Zr0.25 Ti0.75)O3 + xCeO2 ceramics decreased with the increase of rareearth ion doping content. SEM morphologies showed that the grain size of Ba(Zr0.25 Ti0.75)O3
sample without cerium doping was around 5 μm, however, the grain size of the BZT samples
with a trace amount of cerium (0.1 and 0.2 at. %) decreased significantly to about 1 μm.
Dielectric measurements on these samples showed that the dielectric constant of the BZT sample
with a small amount of cerium (0.1 and 0.2 at. %) decreased from 8796 to around 2790 while
there is no obvious changes for the loss tangent. With increase of x to 0.4 at. %, the dielectric
constant and the loss tangent reached the maximum. In conclusion, their experimental results on
the effect of the contents of rare-earth addition on the resistivity of BZT ceramics were
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investigated, demonstrating that the samples with x = 0.4 and x = 0.6 could be semiconducting in
air atmosphere.

Sabina Yasmin et al. prepared BaTiO3 and Ce-doped BaTiO3 samples using the
conventional solid state chemical reaction technique having the general formula (Ba1-xCex) TiO3
where x = 0.0, 0.01, 0.02, 0.03 and 0.04. The XRD patterns of the samples with different Ce
contents confirmed that all the studied samples were mainly of the BaTiO3 phase with a small
secondary phase detected as BaTi2O5. Due to Ce doping the peak intensity such as of (211) and
(022) reflections of the BaTi2O5 phase increased slightly, which means that the formation of
BaTi2O5 phase was enhanced slightly with Ce doping. This increase may be due to substitution
of smaller Ce3+ ion (radius = 0.102 nm with 6 coordination number) for larger Ba2+ ion (radius =
0.135 nm with 6 coordination number) and/or due to the formation of grain boundaries. The
reported dielectric measurements by Sabina Yasmin et al. showed the variation of 𝜀' with
temperature (T) at three frequencies 10, 100 and 1000 kHz. It was seen that 𝜀' increased up to a
maximum value, 𝜀' max, and then decreased with an increase of temperature except for the
composition x = 0.04. The Tc values were in good agreement with the reported data and
decreased in Tc with Ce doping indicated a partial substitution of Ba2+ ions with Ce3+ into the
perovskite lattice. The sample where x = 0.04 does not manifest any sign of a phase transition
implying that its Tc may be below room temperature. The dc activation energies, Edc, increased
0.07 eV for BaTiO3 to 0.38 eV for Ba0.99Ce0.01TiO3. But there was no significant change in Edc
for further Ce additions. They concluded that these values of Edc suggested electronic type
conduction in these materials. 8,17
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Motivation and Objectives
The key idea and impetus for this research project is to design, develop and contribute to
the knowledge database of novel, lead-free ferroelectric materials with improve properties and
phenomena. For the purpose, we have adopted a co-doping approach, which proved to be quite
successful with many of the multifunctional materials, to synthesize and investigate barium
titanate ceramics. In our work, the Ca,Ce co-doped barium titanate ceramics were considered
where barium calcium titanate (BCT) and Ce are the host and an activator, respectively. The
ultimate goal of this project is, thus, to synthesize and characterize the Pb-free, Ca,Ce-modified
Ba0.80Ca0.20CeyTi1-yO3 (referred to BCCT) ceramics, where y represents the molar concentration.

The specific objectives are as follows:
1. To synthesize BCT-BCCT by solid ceramic processing method. Specifically, fabrication
of the ceramics by varying y in the range of 0.00-0.25.
2. To understand the effect of Cerium (Ce) on the crystal structure and the morphology of
the ceramics.
3. To study the dielectric properties of Ca, Ce modified BT ceramics.
4. To study the piezoelectric and ferroelectric behavior at room temperature.
5. To establish a structure-composition-property correlation.
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Chapter 3: Experiments
Electro-ceramics Synthesis

Barium Carbonate (BaCO3), Calcium Carbonate (CaCO3), Titanium Oxide (TiO2), and
Cerium Oxide (CeO2) were used in synthesis of BCCT ceramics. Synthesis of the BCCT
ceramics has been carried out with Ca content kept constant at 20%, which is suitable for
providing temperature stability. Stoichiometric amounts of Ba0.80Ca0.20CeyTi1-yO3 (y=0.0-0.25)
were weighed and ground in ethanol for 2 h in agate mortar and pestle. The mixed powders were
then immediately calcined at 1250°C for 10 h for carbonate to burn out. Phase identified powders
were made into pellets by uniaxially pressing in a 13 mm die with an applied pressure of 100
MPa for 4 min each. Ceramic thick capacitors were built having 1.02 mm in thickness and 7.46
mm in diameter. The pellets were then sintered at 1480 °C for 6 h in air in a box furnace with
heating and cooling rates of 10°C/min. The BCCT ceramics were characterized by X-ray
diffraction (D8 Discovery X-ray diffractometer with Cu Kα radiation, λ = 1.54 Å). The dielectric
response of the sintered materials was measured using a Hewlett–Packard 4284A impedance
gain phase analyzer over the frequency ranging from 100 to 1 MHz and at an oscillation voltage
of 1 V. The measurements were performed over a temperature range from 20 to 150 °C using an
inbuilt heating system.
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Figure 3.1: Experimental approach: Ceramic pellet preparation following conventional solid state
chemical chemical reaction method
Calcination
After synthesis the powdered samples are heated or calcined in a box furnace for 10
hours at elevated temperatures i.e. 1250°C at a heating rate of 10°C per minute. The furnace
usually takes about 2 hours to reach the desired temperature after which the temperature inside
the furnace becomes constant and then the samples can be calcined at the desired temperature for
~8 hrs. After this time the furnace cools down and the samples are once again grinded to ensure
that there are no agglomerates in the samples. Calcination causes the constituents to interact by
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interdiffusion of their ions and so reduces the extent of the diffusion that must occur during
sintering in order to obtain a homogeneous sample.
During the calcination process a ferroelectric phase is induced as a result of a solid phase
reaction between the constituents. Calcination temperature is very important since it directly
affects the mechanical and electrical properties of the ceramics. It is important to note that if the
calcination is high, then the homogeneity and the density of the resultant ceramics will also be
high. Calcination temperature is a critical parameter since it affects the density and the
electromechanical properties of the ceramic product. Thus, it is extremely important to control
the calcination temperature.

Binder addition

Calcined powders are mixed with polyvinyl-alcohol which acts as a binder. The primary
role of the binder is to provide mechanical strength to the pellets that are to be formed for
sintering. Binder is made by mixing ~2-3% of polyvinyl-alcohol in powder with distilled water
and then mixing thoroughly with help of a magnetic stirrer. During sintering, the binder
vaporizes. After mixing the binder, the sample is allowed to dry until the mixture becomes
powder and then it is grinded for a couple of minutes until a homogenous powder forms.

Pelletization, Cold isostatic pressing

Before the samples are exposed to high temperatures once again (Sintering), powders are
pressed in the form of cylindrical pellets of 0.5 grams each. The Pelletization involves the
uniaxial pressing using a 13 mm rigid die with a pressure of 100 MPa for 4 min each until a diskshaped capacitor is obtained. This method is also called as cold isostatic pressing.
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Binder burnout

After shaping the powders into disk-shaped pellets, the pellets are heat-treated at elevated
temperatures i.e. 1480°C in order to remove any binder present in the sample, provide
mechanical strength, and avoid impurities. The binder burnout rate was 5°C/min so as to allow
the gases to come out slowly from the ceramic samples without forming any cracks.

Sintering

The pellets were then sintered at 1480 °C for 6 h in air in a box furnace with heating and
cooling rates of 10°C/min. Conventional sintering involves the reduction in free energy of the
system that acts as a driving force for the process and is accomplished by atomic diffusion that
leads to densification of the body. So solid state sintering grain growth accompanies
densification, driven by the reduction in overall grain boundary energy. Grain size can be an
important determinant of mechanical and electrical properties and therefore efforts are made to
control it.

Electroding

The sintered pellets were coated with silver paste and heated for ~5-10 minutes to dry the
coating and for good adhesion. The silver coating should be thin, uniform, and should adhere
strongly to the ceramic. It should also possess zero resistance and good chemical and physical
durability.
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Chapter 4: Characterization Techniques
X-Ray Diffraction (XRD)

XRD is a common analytical technique used in the study of crystal structures and atomic
spacing. It is used to identify the degree of crystallinity of a material which provides information
on unit cell dimension. This technique is based on the principle of interference. X-ray diffraction
occurs as a result of constructive interference between the monochromatic x-rays and the
crystalline sample.
X-rays are generated via a cathode ray tube by heating a filament to produce electrons.
These electrons are then accelerated with the help of an applied field voltage towards the target.
When sample is bombarded with X-rays, the diffracted X-rays will be analyzed for constructive
interference. According to the Bragg’s law of diffraction, when the geometry of the incident xray matches with the target material constructive interference occurs and a peak is observed in
the intensity. Bragg’s law is expressed using the following expression:
n λ = 2d sin θ

Figure 4.1: Bragg’s law of X-ray diffraction
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The intensity of the reflected x-rays is recorded by adjusting the sample and rotating the
drivers. In the present work, ceramics were characterized using D8 Discovery X-ray
diffractometer having wavelength of Cu Kα radiation λ = 1.54 Å.

Illustration 4.1

Illustration 4.2

Illustration 4.1: D8 Discovery X-ray diffractometer
Illustration 4.2: Bruker D8 DISCOVER high resolution X-ray Diffractometer
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Dielectric Measurements

The dielectric response of the sintered pellets was measured using a Hewlett–Packard
4284A impedance gain phase analyzer over the frequency ranging from 100 to 1 MHz and at an
oscillation voltage of 1 V. Electrical measurements were done by electroding the samples with
silver paste. The silver coated samples were allowed to dry completely. Once samples dried, they
were heat treated at 40°C for 10 min in order to avoid moisture created after being exposed to the
environment. In order to conduct dielectric measurements, samples were submerged in a silicon
oil bath by means of an electrode which allowed current to flow through. The measurements
were performed over a temperature range from 20 to 150 °C using an inbuilt heating system.
Then the data were extracted and plotted using the origin software to get the desired graph for
electrical properties i.e. dielectric constant, dielectric loss, phase change, electrical resistance,
capacitance, among others.

Illustration 4.3: Hewlett–Packard 4284A impedance gain phase analyzer
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Scanning Electron Microscopy (SEM)
Scanning Electron Microscopy is a technique used to study the microstructure and reveal
information about the sample including external morphology (texture), chemical composition,
and crystalline structure and orientation. This technology scans the surface of the sample to build
a 3-D image of the specimen aided by an electron beam. A typical SEM figure can be magnified
up to a nanometer scale. The basic principle of this technique involves the interaction of the
electron beam generated from the x-ray tube and the sample surface. The aforementioned
interaction generates a variety of signals. Then, these signals include a secondary electron,
backscattered electron, X-rays, photons, heat, and even transmitted electrons. The imaging of the
sample is created due to the interaction of the backscattered electrons along with secondary
electrons. Backscattered electrons help to illustrate the contrast in the composition of multiphase
samples whereas secondary electrons are used to study the morphology of the sample.
SEM spans a whole range of applications from the semiconductor industry to the forensic
laboratory. The beauty about this experimental approach is the levels of observations that can be
achieved i.e. macro and micron ranges. Moreover, it has the ability of combining imaging with
elemental analysis. When used in conjunction with EDAX, it can be used to determine the
percentage compositions of different elements present in the compound under study.
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Illustration 4.4: Scanning Electron Microscope laboratory setup

Illustration 4.5: Scanning Electron Microscope laboratory setup
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P-E Hysteresis Loop

One of the most representative characteristics of ferroelectric materials is the so called PE loop or Hysteresis loop. Also, one of the most valuable features of ferroelectric behavior is that
ferroelectric ceramics can be transformed into polar materials by applying a static field. This
process is called ‘poling’. However, ceramics can be depoled by the application of appropriate
electric fields or mechanical stresses.
Once the ferroelectric material becomes polarized by means of an electric field, first the
polarization rises rapidly with the applied field and above this its behavior becomes linear on
application of field. If we linearly extrapolate to y-axis, that is the zero field, it provides the
saturation or spontaneous polarization. If we were to reduce the field to zero remanent
polarization would be obtained. Moreover, the negative field required to reduce the polarization
to zero is referred to as the coercive field. For instance, the hysteresis loop in ferromagnetic
materials implies that there is a spontaneous polarization in the material and it depends upon a
number of factors including temperature, texture of the crystal dimensions of the specimen and
thermal and electrical properties of the material. The shape of the hysteresis loop of a
ferromagnetic substance changes on increasing temperature. Similarly, with increasing
temperature width and height of the loop also changes. At a certain temperature the ferroelectric
behavior of the material disappears and the hysteresis lop becomes a straight line. This
temperature is referred to as the “ferroelectric curie temperature”.
When it comes to discussing the dielectric losses found in ferroelectrics, it is necessary to
distinguish three dominant mechanisms. These mechanisms are identified as follows:
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1. Vibrating domain wall
2. A limited translation of the wall
3. Switching of the polarization direction of the entire domain.
A further unusual characteristic of ferroelectric materials is that their properties change with time
in the absence of either external mechanical or electrical stresses or temperature changes.
One very significant advantage of ceramic ferroelectrics is the ease with which their
properties can be modified by adjusting the composition and the ceramic microstructure.
Additions and the substitution of alternative cations can have the following effects:
1. Shift the Curie point and other transition temperatures.
2. Restrict domain wall motion.
3. Introduce second phases or compositional heterogeneity.
4. Control crystallite size.
5. Control the oxygen content and the valency of the Ti ion.
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Impedance Spectroscopy

Complex impedance spectroscopy is a non-destructive technique for the characterization
of microstructure and electrical properties of electronic materials. It is used to describe the
electrical properties of polycrystalline electroceramics. Grain and grain boundary contributions
to the electrical properties of dielectric materials, including but not limited to, conductivity,
dielectric constant, resistivity, and capacitance are better analyzed using this technique. The
technique is based on analyzing the AC response of a system to a sinusoidal perturbation and
subsequent calculation of impedance as a function of the frequency of the perturbation.
The frequency response of a polycrystalline ceramic carrying metallic electrodes may
yield three well defined semicircles representing respectively polarization processes associated
with the interior of the grains, with the grain boundary regions, and with electrode-ceramic
interfacial region. Impedance spectroscopy is a valuable addition to the range of techniques for
the electrical characterization of materials and components, especially where interfaces (e.g.
metallic electrode/cathode or anode materials) are involved.
The electrical model of the equivalent circuit is shown:

Cole-cole plot and equivalent circuit for a solid with multiple polarization mechanisms.
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Chapter 5: Results and discussion
X-Ray Diffraction (XRD)

X-ray diffraction (XRD) patterns of BCCT ceramics are shown in Figure 1 as a function
of variable Ce composition. All the main peaks observed are comparable to those of the powder
XRD pattern of pure BT tetragonal at room temperature. However, peaks due to minor secondary
phase corresponding to CaTiO3 was observed in the BCCT with increasing Ce content. The
diffraction peaks for the CaTiO3 phase may be due to the preparation of samples with CaCO3 and
TiO2. Due to Ca doping, the peak intensity for (121), (202), and (042) reflections of CaTiO3
phase increases slightly, this also means that because Calcium has been added, the formation of
CaTiO3 was induced. Moreover, evolution of small peaks i.e., (300) and (113), corresponding to
Ce content at y = 0.20 and 0.25 is also noted as indicated in Fig. 1. The most notable, significant
change in the XRD patterns of BCCT ceramics compared to intrinsic BCT is the (110) and (121)
peak growth at each side of the highest peak (~30o). It is important to notice that these changes
reflect the chemistry of the Ce content on the crystal lattice of BCT ceramics due to the fact that
Ca is kept constant throughout the studies.
Using the XRD results, reflection peaks were indexed and lattice parameter constants
were calculated using a software utility referred to as Unit Cell, where crystal system (tetragonal)
and input data (2-theta and λ = 1.54 Å) were provided for calculations. In this method the lattice
parameters were determined by the Nelson-Riley (NR) method using the NR function defined as:

f (θ) =

,

(4)

where θ is the Bragg angle.
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In order to determine the lattice parameter, the NR function f (θ) is extrapolated to
zero2,22. The values of the volume cell for the different compositions, obtained from lattice
parameter values as a function of Ce content, were found to decrease slightly with addition of Ce
doping up to y = 0.10, except for y = 0.04 and are presented in Table 1. The particle size (D) was
calculated using the Debye-Scherer equation3,4:

(5)
The average crystallite size (D), calculated using Scherer’s formula, varies from 33.58
nm for intrinsic BCT to 40.50 nm y=0.10. The variation of D with y, the Ce content, is presented
in Table 1. The average crystallite size initially increased with progressive increase in Ce content
reaching a maximum of 42.08 nm, at which point solubility of Ce is reached. Rapid increase in
the crystallite size is noted with a further increase of Ce content beyond y=0.02 and reaching a
maximum value at y=0.04. Once Ce content reaches y=0.15, the crystallite size is found to
experience a drastic shrinkage to 27.54 nm. The BCT volume, V-volume of crystalline unit cell
as determined by XRD (V=a2◦c Å3) determined is 61.69±0.005 Å3, which is found to be in good
agreement with that of barium titanate (64.3539 Å3) and Ca-doped barium titanate (64.2800 Å3)
as reported in the literature3,4.
The lattice parameters for tetragonal unit cell, a and c, are noted to experience a minor
shrinkage with progressive increase in y values. Such decrease in the lattice parameter is possibly
due to the partial substitution of Ce4+ into Ti4. The lattice parameter increase can be understood
from the consideration of ionic radius difference for the Ce4+ ions (0.087 nm) compared to that
of Ti4+ (0.0605 nm)1,21. The Ce4+ ions substituting for smaller Ti4+ ions can result in the
crystallographic distortions leading to changes in the lattice parameter as well as unit cell
volume. However, a more direct comparison of our results and quantification with existing
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reports on Ca and Ce-Ba and Ce-Ti-doped reports is not readily possible due to the fact that no
previous analysis has been reported having both Ca and Ce incorporated into intrinsic barium
titanate. Moreover, the lattice strain decreases with progressive addition of Ce from 0.0039 down
to 0.0033, except for y = 0.15 where it is found to increase to 0.0049. However, it oscillates over
the range of 0.0039±0.005 throughout the 8 mixture compositions including Ca doped barium
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Figure 6.1: XRD patterns of Ba0.80 Ca0.20 (Cey Ti
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at 1480°C.
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O3, where y=0.0-0.25 compounds sintered

The high-resolution XRD observed at 2θ ~ (45°- 47°) is shown in Fig. 6.2, where a
splitting of peaks is evident i.e. (002) and (200). The barium titanate Ca-doped and Ce-doped
confirm the stable tetragonal structure in BCT: Ca 20wt. % and BCCT: Ce 2wt. % - 25wt. %
ceramics. However, for (Ba0.80Ca0.20TiO3) and (Ba0.80Ca0.20Ce0.02Ti0.98O3), a peak spitting is
observed which may be an indication that there is a small deviation of the structure from stable
tetragonal. The splitting of (002) and (200) is due to the electrostatic repulsion between 3d
electrons of Ti4+ ions and 2p electrons of O2- ions.
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Table 6.1: Lattice parameters, crystallite size (D), and lattice strain as a function of Ce content
for different samples at room temperature

Ba0.80 Ca0.20 (Ti (1-y) Cey) O3
y = 0.00
y = 0.02
y = 0.04
y = 0.06
y = 0.10
y = 0.15
y = 0.20
y = 0.25

a
3.92644
3.92635
3.95357
3.90039
3.89274
4.00498
3.93757
4.00785

c
4.00158
3.98722
4.03896
4.03717
4.03548
4.10552
4.03831
4.10132
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Volume
Cell (Å3)
61.69
61.46
63.13
61.41
61.15
65.85
62.61
65.87

Crystallite
size (nm)
33.58
37.53
42.08
40.30
40.50
27.54
39.20
33.95

Lattice
Strain
0.0039
0.0035
0.0032
0.0033
0.0033
0.0049
0.0034
0.0039

Lattice constant (nm)
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a
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Figure 6.3: Lattice constant as a function of Ce composition y.
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Scanning Electron Microscopy (SEM)
The microstructure of the BCT-BCCT ceramics was investigated by SEM. The
micrographs clearly show that the sintered samples have dense structure with uniform grain size
distribution up to Ce=0.04. The following compositions (i.e. Ce-10wt. % and Ce-15 wt. %) show
a dense structure, however they both do not have a uniform distribution. The micrograph for (Ce25wt. %) shows a cubic distribution of grains, which may be an indication that ceramics have
undergone a transition from tetragonal to cubic structure. The microstructure of sintered samples
depends on the method of preparation as well as the Ca–content and Ce-content. Larger contents
of Ce substitution yields smaller grain size.

10μm

10μm

10μm

10μm
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Figure 6.4: SEM: Scanning electron micrographs for the ceramics having different Ce
compositions sintered at 1480 °C for 6 hours.
Dielectric properties
The variation of dielectric constant of BCCT ceramics with Ce content (y) is presented in
Fig. 6.5. The temperature dependence of the dielectric constant hereby presented shows a
dielectric anomaly at ~125°C for y = 0.00 (Ca-doped BaTiO3) which corresponds to the
ferroelectric to paraelectric phase transition. The increase in the dielectric constant (relative
permittivity) for the first three representative compositions of BCT with the inclusion of Ce
could be due to the fact that, with the inclusion of smaller size Ti4+ ions for larger Ce4+ ions, the
BCT lattice is distorted giving rise to an increase in the atomic polarizability subsequently the
dielectric constant. Such anomaly broadens with addition of Ce concentration as evident from the
plots in Fig. 3 (a-c). Also, the permittivity peaks experience a shift towards higher temperature
with increasing frequency in y = 0.00-0.04 which further confirms the reported data indicating
the system´s gradual progression leading to a relaxor ferroelectric state10,13,14. The maxima, ε'
max, corresponds to a transition temperature where ceramics undergo a structural shift from
ferroelectric (tetragonal) to paraelectric (cubic) phase, referred to as the Curie point, Tc1-5.
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Similarly, as Ce content is introduced, the ε' max value tends to shift towards the lowtemperature region. This phenomena may be due to the solubility limit of Ce concentration in
BCT ceramics. The decrease in the ferroelectric to paraelectric phase transition temperature, T c
from 120°C to 50°C for y=0.00 to y=0.04 with an increase in Ce doping concentration, further
indicate a partial substitution of Ti

4+

ion with Ce 4+ ion10-15. Higher-value compositions y=0.06-

0.25, do not exhibit a transition within the experimental temperature, which may have
transitioned in the low temperature region below room temperature. A more-in-depth structural
analysis could be undertaken in order to fully determine the morphology below room
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Figure 6.5: The variation of the dielectric constant with temperature over the range of 100 Hz – 1
MHz of Ba0.80Ca0.20CeyTi1-yO3 compounds for y=0.0-0.25 (a) through (f).
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Figure 6.5: The variation of the dielectric constant with temperature over the range of 100 Hz – 1
MHz of Ba0.80Ca0.20CeyTi1-yO3 compounds for y=0.0-0.25 (a) through (f).
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Figure 6.6: The variation of the dielectric loss with temperature over the range of 100 Hz – 1
MHz of Ba0.80Ca0.20CeyTi1-yO3 compounds for y=0.0-0.25 (a) through (f).
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The temperature dependent resistivity curves with different doping concentrations are
shown in Fig. 6.7. It shows a decrease in the resistivity, ρdc, with an increase in temperature and
Ce content. The resistivity decrease with an increase in Ce doping is due to the compaction of the
samples which is further confirmed by the decrease in lattice parameter and volume cell as
shown in Table 1. Furthermore, a partial substitution of Ti4+ ions with Ce4+ into the perovskite
lattice also increases the carrier concentration. Thus, resistivity decreases which also affects the
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Figure 6.8: The temperature dependent resistivity curves with different doping concentration.
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The activation energies, Edc, for all the composition intervals have been calculated using
dc resistivity at room temperature and at a frequency of 100 Hz. The formula ρdc = ρo • exp (-Edc/
KBT), where KB is the Boltzmann constant and temperature in absolute K, has been used for
calculations and the data is presented in Table 2. The Edc value increases from 0.0343 eV for
Ba0.80 Ca0.20 TiO3 to 0.2565 eV for Ba0.80 Ca0.20 (Ti

0.94

Ce0.06) O3. Thereafter, there is a sudden

drop in the activation energy along with corresponding resistance (R) and resistivity (ρdc) for the
next compositions. Indeed, there are significant changes in Edc for further Ce additions. It is
observed that the resistance and resistivity increased as temperature was increased, whereas both
decreased with progressive addition of Ce content from y=0.00-0.04. Moreover, as frequency
increased R and ρdc decreased for each composition. After such sudden drop in R, ρdc, Edc at y =
0.10, these parameters were found to increase with incorporation of Cerium.

Table 6.2: Resistance, resistivity, activation energy, and Tc as a function of Ce compositions.
Sample Composition
Ba0.80 Ca0.20 TiO3
Ba0.80 Ca0.20 (Ti 0.98 Ce0.02) O3
Ba0.80 Ca0.20 (Ti 0.96 Ce0.04) O3
Ba0.80 Ca0.20 (Ti 0.94 Ce0.06) O3
Ba0.80 Ca0.20 (Ti 0.90 Ce0.10) O3
Ba0.80 Ca0.20 (Ti 0.85 Ce0.15) O3
Ba0.80 Ca0.20 (Ti 0.80 Ce0.20) O3
Ba0.80 Ca0.20 (Ti 0.75 Ce0.25) O3

R (kΩ)
328.23
284.91
110.88
195.78
125.74
219.68
415.86
787.38

ρdc (kΩ)
0.0374
0.0325
0.0126
0.0223
0.0143
0.0250
0.0474
0.0898

Edc (eV)
0.0343
0.2206
0.2031
0.2565
0.2066
0.1950
0.2245
0.2618

Tc (K)
393
373
303
below room temp
below room temp
below room temp
below room temp
below room temp

** Measurements were taken at room temp and at 100 Hz.

The frequency dependence of the Curie temperature of 3 representative concentrations is
shown in Fig. 7. It shows a decrease in the maxima, 𝜀´, corresponding to a decrease in the
structural shift transition. This phenomena, ferroelectric to paraelectric state, shows a decrease
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towards the low temperature region from TC ~398K to ~323K. These representative
compositions were chosen on the basis of transition within temperature range 293-423K.

Impedance Spectroscopy
Figure 6.9 shows the variation of the real part of impedance (Z′) with frequency at
various temperatures. It is observed that the magnitude of Z′ decreases with the increase in
frequency for different measured temperatures. The Z′ values for all temperatures merge above
100 kHz. This may be due to the release of space charges as a result of reduction in the barrier
properties of material with the rise in temperature and may be a responsible factor for the
enhancement of AC conductivity of material with temperature at higher frequencies. Further, at
low frequencies the Z′ values decrease with the rise in temperature, i.e. show negative
temperature coefficient of resistance (NTCR) behavior similar to semiconductors.23

50000

2000

Z'(ohm)

1600
1400
1200

30C
60C
90C
120C
150C

1000
800

(Ba0.80Ca0.20)(Ce0.02Ti0.98)O3

40000

Z'(ohm)

(Ba0.80Ca0.20)TiO3

1800

Real 30C
60C
90C
120C
150C

30000
20000

600

10000

400
200
0

0

20000

40000

60000

80000

0

100000

Frequency, f[Hz]

0

2000

4000

6000

8000

10000

Frequency, f[Hz]

51

1600

1200

30C
60C
90C
120C
150C

1000
800
600

Z'(ohm)

Z'(ohm)

25000

(Ba0.80Ca0.20)(Ce0.10Ti0.90)O3

1400

400

(Ba0.80Ca0.20)(Ce0.15Ti0.85)O3
30C
60C
90C
120C
150C

20000
15000
10000
5000

200
0

0

20000

40000

60000

0

80000 100000

0

(Ba0.80Ca0.20)(Ce0.20Ti0.80)O3
30C
60C
90C
120C
150C

10000
8000
6000
4000

20000

Z'(ohm)

Z'(ohm)

12000

8000

12000

16000

20000

Frequency, f[Hz]

Frequency, f[Hz]
14000

4000

(Ba0.80Ca0.20)(Ce0.25Ti0.75)O3

15000

30C
60C
90C
120C
150C

10000
5000

2000
0

0
0

10000

20000

30000

40000

50000

0

Frequency, f[Hz]

20000

40000

60000

80000 100000

Frequency, f[Hz]

Figure 6.9: The variation of the real part of impedance (Z′) with temperature over the range of
100 Hz – 1 MHz of Ba0.80Ca0.20CeyTi1-yO3 compounds for y=0.0-0.25 (a) through (f).

Figure 6.10 shows the variation of the imaginary part of impedance (Z′′) with frequency
at various temperatures for varying cerium compositions y=0.0-0.25. It is evident from the plots
that as temperature is increased the magnitude of (Z′′) decreases and tends to merge towards
higher frequency regions. Previous results on a similar system (Ba0.85Ca0.15) (Zr0.10Ti0.90) O3,
having different dopant Zr4+, showed (Z′′) reaching a maximum peak Z″max for the temperatures
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≥290 °C and the value of Z″max shifted to higher frequencies with increasing temperature. This
temperature region goes a bit higher than the scope of this report, however the merging of Z″
values in the high frequency region may possibly be an indication of the accumulation of space
charges in the material. 23
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Figure 6.10: The variation of the imaginary part of impedance (Z′′) with temperature over the
range of 100 Hz – 1 MHz of Ba0.80Ca0.20CeyTi1-yO3 compounds for y=0.0-0.25 (a) through (f).
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P-E Hysteresis loop
The polarization versus electric field (P-E) hysteresis loops for (Ba0.80Ca0.20CeyTi1-yO3;
y=0.0-0.25; referred to BCCT) are shown in Fig.6.11. It is clear that all the samples show typical
P-E hysteresis loops which confirm the ferroelectric nature of these samples. The values of
coercive electric field (Ec), remanent polarization (Pr) and maximum polarization (Pmax)
determined for all the samples are tabulated and compared in Table 6.3. BCT (i.e. without Ce
doping) exhibits high values of Pr (~68 μ/cm2) and Pmax (~85 μ/cm2) which may be due to the
larger grain size, better crystallinity, and high c/a ratio compared to that of Ce-doped samples.
It is important to point out that grain distribution along with grain size, and c/a ratio
characteristics are determinant when understanding the ferroelectric behavior in ceramics It is
seen in SEM that the effect of Ce is significant on the grain growth and the morphology of
(BCCT; y=0.02-0.25) ceramics. Ce-doping significantly reduced the grain size for samples
(Ba0.80Ca0.20CeyTi1-yO3; y=0.02 and y=0.04). Thereafter, Ce-doping induced non-uniform
distribution of grains, as observed for micrographs (i.e. Ce-10wt. % and Ce-15 wt. %),
promoting the inhibition of domain wall motion. It is clear for (Ce-25wt. %) that a cubic
transformation was induced, which can be explained based on the structural and morphology
characteristics of the sample.
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Chapter 6: Summary and Conclusions
In summary and conclusions, the following were successfully achieved or new knowledge
derived.
1. Ba0.80Ca0.20CeyTi1-yO3 ceramics were fabricated with variable Ce content and studied their
crystal structure, microstructure, dielectric and ferroelectric properties.
2. Structural study confirms the studied samples are mainly in BT tetragonal phase with a
small secondary phase detected as CaTiO3 in BCCT for y = 0.20 and 0.25.
3. Increasing Ce content strongly influences the microstructure and dielectric properties of
the BCCT ceramics.
4. Composition-driven dielectric constant leap (4,000-5,500) was observed from intrinsic
BCT to BCCT for (y = 0.0-0.04).
5. The temperature-dependent dielectric constant showed a transition temperature, which
decreased with progressive addition of Cerium content.
6. The Curie point, Tc, diminishes from 125 °C to 50 °C for (y = 0.0-0.04) showing a
decrease in the ferroelectric to paraelectric state. Hence, the solubility limit for cerium in
BCCT ceramics may have been reached.
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Glossary




































Semiconductors
o Donor
o Acceptor
Electro-ceramics
Nature of phase transitions
Morphology of materials
Chemistry
Stoichiometry
Perovskite structure ABO3
Raw materials
o Percent purity
Synthesis
o Solid state reaction method
o Dopants
Calcination
PVA binder
Ethyl alcohol
Weighing scale
Hydraulic press
Pellet die
Sintering
Polarization
o Remnant polarization
Breakdown strength
Silicon Oil
Electrodes
Silver paste
Dielectric capacitors
Insulators
High temperature furnace
High temperature, oxidizing
Dielectricity
Piezoelectricity
d33 coefficient
Ferroelectricity
o Electromagnetism
o Domains
Solid Solubility
Hume-Rothery rules
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o Ion distribution (valence charge)
o Ionic radii
o Electronegativity
o Crystal structure
Impurity levels
o Dislocation
o Defect association
Curie temperature, Tc
o Ferroelectric to paraelectric transition
Curie-Weiss law
Dielectric permittivity
Vacuum permittivity, permittivity of free space
Hysteresis loops
o Polarization vs electric field
o Unipolar strain vs electric field
Electrical properties
o Capacitance
Dielectric constant, 𝜀r
o
o Dielectric loss, d
o Phase shift (tan δ)
Resistivity, ρdc
o
Conductivity, σdc
o
o Frequency, f
o Temperature dependence
o Complex impedance spectroscopy
 Real and imaginary part of impedance, Z´and Z´´
 Cole-cole plots
Displacive dielectrics
Relaxor behavior
BaTiO3 previous dopants which enhance semiconducting properties
o
Zirconium, Zr4+
o
Hafnium, Hf 4+
o
Strontium, Sn4+
o
Calcium, Ca2+
o
Cerium, Ce3+ and Ce4+
PZT background
Electrostrictive ceramics
Piezoelectric
Pyroelectric
Electro-optic behavior
o Sonar, ultrasonic cleaners, infrared detectors, and light processors.
Ferroelectrics
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o In thin film form are now becoming established as one type of digital memory
element.
Pyroelectric Materials
Electro-optic ceramics
Magnetic ceramics
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